INTRODUCTION
Superconductivity at very low carrier density is one of the most fascinating phenomena in condensed matter physics. The signature of anomalous electron pairing far above Tc has recently been detected by a single-electron transistor configuration in SrTiO3 [1] . For another example, FeSe, which is a superconducting semimetal in bulk, shows the magnetic-field-induced transition between two superconducting states [2] .
These features are in stark contrast to those in conventional superconductors described by the Bardeen-Cooper-Schrieffer (BCS) theory, and attributed to their small Fermi energies EF, which are comparable to their superconducting gap . However, the universal pairing mechanism in such a crossover regime of weak-coupling BCS and strong-coupling Bose-Einstein condensate (BEC) limits, where /EF ~ 0.5 [3] , still remains to be resolved. Thus, it is highly desired to explore materials exhibiting superconductivity with low carrier densities as well as to develop a new tool for continuous change of carrier density down to an ultralow level.
Candidate materials that we propose are layered nitrides MNX (M = Ti, Zr, Hf; X = Cl, Br, I), which are semiconductors and exhibit superconductivity by the intercalation of various metals into their van der Waals gap ( Fig. 1(a) ) [4] [5] [6] . As summarized in Figure S1 in Supplementary Section I [7] , Tc of both Li intercalated HfNCl and ZrNCl is anomalously high among superconductors with carrier densities lower than 10 22 cm -3 . Furthermore, in the Zr system, Tc increases from 11 to 15 K with the reduction of carrier density [20] . This unique superconducting phase diagram that differs from the dome-shaped ones [21, 22] , as well as the extremely small  value determined by the specific heat measurements [23] , raised arguments on potential mechanisms [24] [25] [26] [27] . However, such an enhancement has not been reported yet in the Hf system, where we can expect that the higher Tc bring the system closer to the BCS-BEC crossover point than in the case of the Zr system. The obstacle in the previous experiments on layered nitrides is that all of them have been performed only in polycrystalline samples. The grain boundaries and the deficiencies enhance the electron localizations and prevent us from clarifying intrinsic properties especially at the low carrier density limit. Therefore, for further discussion on the pairing properties, the study of single crystal with continuous change of carrier density is crucial.
Here, we demonstrate the precise control of electrochemical intercalation processes in an electric-double-layer transistor (EDLT), employing micro-scaled single crystals of layered nitrides MNCl, fabricated by the mechanical exfoliation. We have designed a device structure that allows us in situ measurements of resistivity and tunneling conductance during the electrochemical intercalation process into the bulk preventing surface doping via EDL, and also enables us to access superconductivity in the low carrier density region which cannot be achieved in polycrystalline bulk samples. In this paper, we investigated superconductivity induced by Li interaction in single crystals of both ZrNCl and HfNCl, and find unprecedented superconducting properties, which include concomitant increase of Tc, anisotropy, and coupling strength with reducing the carrier density by controlling the amount of intercalated Li.
The device structure was modified from the conventional EDLT devices [22, 28, 29] so that the surface carrier doping via EDL is prohibited and only bulk carrier doping via intercalation [30, 31] is allowed. Figures 1(b) and (c) display an optical image and schematic diagram of the device used in the present paper, respectively. Because the transport channels of the devices are covered by poly(methyl methacrylate) (PMMA), EDL between the top surface of the channel and the electrolyte, LiClO4/PEG (polyethylene glycol), cannot be formed while the Li intercalation process proceeds through the open area of both ends of the single crystal.
The device was fabricated in a N2 filled glove box, which is directly connected to an evaporator to avoid exposure to air. and ZrNCl devices at 330 K. Above a certain critical gate voltage, a sharp decrease in resistance was observed, showing a signature of electron doping through Li intercalation [30, 31] . After the decrease of resistance is saturated, we cooled down the device and measured the Hall effect at 150 K, which is far below the melting temperature of electrolyte (see the Appendix). We assumed that the obtained carrier density is equal to the amount of intercalated Li. polycrystalline LixZrNCl [20] . Unexpectedly, a similar enhancement of Tc was found in LixHfNCl, in which Tc increased from 19.4 to 24.9 K by reducing the doping x from 0.28 to 0.03. This value is close to the highest Tc of 25.5 K in layered nitrides, which was observed in cointercalated Lix(THF)yHfNCl (x = 0.48) [5] . The enhanced Tc in the Hf analog is in stark contrast to the results of polycrystalline samples, in which below x = 0.10, superconductivity was absent [32] . The limit of superconductivity in polycrystalline LixHfNCl is likely due to the electron localization by disorder, and the presently introduced device using single-crystalline samples pushed down the localization limit, enabling us to approach the unprecedented lightly doped regime in
II. RESULTS
LixHfNCl.
The (T) curves in Fig. 2(a) show a gradual decrease above Tc. This feature is attributed to the superconducting fluctuation. Importantly, as seen in both panels of Fig. 2(a), the contribution of this fluctuation seemingly depends on x. To quantify the observed excess conductivity, we introduced the Lawrence-Doniach model [33] , which describes thermal fluctuation in layered superconductors by considering each layer as a 
which shows 2D-like  -1 behavior in r → 0, where  is the reduced temperature ln(T/Tc). We performed fitting by using r as a fitting parameter (see Supplementary Section II [7] ), the obtained r is plotted in Fig. 2 regime (x = 0.06), the temperature dependence of Hc2 shows square root behavior, which is described by the 2D Tinkham model, whereas the linear behavior in the heavily doped regime (x = 0.28) is described by the Ginzburg-Landau model for anisotropic three-dimensional superconductors [36] . Even in highly doped LixZrNCl (x = 0.28), the ratio with the out-of-plane Hc2 is still as high as 38. This anisotropy parameter is much larger than that obtained in the compressed pellet of 4.5 for ZrNCl0.7 [37] , again indicating crucial importance of using single crystals. for tunneling spectroscopy. We applied dc and small ac voltage (or current) and measured between the branch of the narrow electrode and a Hall bar. Because the Schottky barrier behaves as a tunneling barrier, dc bias V dependence of differential conductance is described as
where A is a constant, while N(E) and f(E) are the density of state and the Fermi distribution function, respectively. [7] ). An interesting feature is that the gap is not completely closed even at 30 K, which is a higher temperature than Tc. The red line in [40] polycrystals likely has the same origin, being different from the electron correlation driven or magnetic correlation driven pseudogap in high-Tc cuprates [21] . We note that
the pseudogap is observed also in highly doped LixHfNCl (x = 0.28), and T* is 24 K, which is relatively close to Tc (see Supplementary Section IV and Fig. 4 (a), inset [7] ).
The temperature range of the pseudogap state is doping-dependent.
By fitting the tunneling spectra using Eq. (2) where N(E) is the Dynes function
[41], we determined the gap value  at each temperature and plotted in Fig. 4 (a) for
LixHfNCl (x = 0.04 and 0.28) (see Supplementary Section VI [7] ). Since the gap exists far above Tc, the temperature dependence of  cannot be explained by the BCS theory, with the result of break-junction tunneling spectroscopy in polycrystalline Li0.5(THF)yHfNCl [42] and HfNCl0.7 [43] samples. For the Zr analog, we plotted the data from the specific heat measurement on polycrystalline samples [44] . In both systems, the ratio increases with reducing the doping level x. 
III. DISCUSSION
The gap opening below T* is a very common trend in 2D systems, which is observed in metallic films [45] and LaAlO3/SrTiO3 interfaces [46] . In the latter system, T* was found to increase with decreasing the carrier density, showing the same carrier Page 10 of 41 density dependence as that in the present system. However, layered nitrides exhibit the opposite Tc -x relation, where both Tc and T* increases with decreasing the carrier density x as seen in the inset of Fig. 4(a) . This indicates that an alternative picture can be argued.
An important clue is that the superconducting coupling strength is dramatically enhanced in the low density region. and T* is wider in x = 0.04 than in x = 0.28. Taking these results into account, we conclude that our system is approaching the BCS-BEC crossover region near /EF ~ 0.5 [3] by reducing the carrier density with the ionic gating technique.
Recently, the BCS-BEC crossover has been discussed in bulk single crystal FeSe [2] and magic-angle twisted-bilayer graphene [47] , where /EF = 1 or Tc/TF = 0.08 is observed, respectively. In the latter, the gate control of carrier density is playing a crucial role in a similar manner to the present result. The present system, LixHfNCl and LixZrNCl, is of particular interest because approaching the BCS-BEC crossover occurs at rather high Tc, and thus may play an important role in the study of BCS-BEC crossover. Regarding the specific pairing mechanism, the present results give a strong constraint to theories. Among many theoretical proposals on superconductivity in Li intercalated HfNCl and ZrNCl systems [24, 26, 27] , the recently reported one taking the valley polarization fluctuation [26, 27] at K and K' points into account seems To conclude, the voltage control of electrochemical intercalation process using EDLT devices revealed that superconducting LixHfNCl and LixZrNCl are potentially a model system to approach the 2D BCS-BEC crossover, in which an increase of Tc and novel exotic aspects of superconductivity are anticipated. We emphasize that gatecontrolled nanodevices potentially offer opportunities to access a new state of matter, which is difficult to reach in bulk systems.
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We thank M. Nakano and M. Yoshida for discussions and experimental support. (Fig. 2(d) in the main text) . This peculiar behavior becomes apparent when we plot the Tc-n3D relationship together with other low-carrier-density superconductors in Fig. S1 . The data for LixHfNCl was first obtained in this work. n3D was calculated from the Hall coefficient for LixHfNCl, LixZrNCl, SrTiO3 [8] , GeTe [9] , and PbTe [10] , and CuxBi2Se3 [11] , whereas n3D of La2-xSrxCuO4 and diamond was extracted from dopant density [12, 13] . For FeSe, both electron and hole densities were derived from Shubnikov-de Haas oscillations [14] .
SrTiO3 [8] is a well-known low-carrier-density superconductor, which shows a dome-shaped phase diagram by electron doping. The Tc of SrTiO3 increases with decreasing carrier density until the peak where n3D = 1 × 10 20 cm -3 , and then Tc starts to decrease. GeTe [9] , PbTe [10] , and diamond [13] 
II. Analysis of excess conductivity
To analyze excess conductivity due to superconducting fluctuation above T c , we took three terms into account.
They describe the contribution from Aslamazov-Larkin (AL) process, Maki-Thompson (MT) process, and reduction of density of state (DOS), respectively. The specific expression of each term is given based on Lawrence-Doniach model, which describes excess conductivity of a layered superconductor with variable interlayer coupling [33] .
As mentioned in the main text, the AL term is described as 
where s is the interlayer distance,  is the reduced temperature ln(T/Tc) and r is the anisotropic parameter. The MT term is summation of two terms, regular (reg) MT process and anomalous (an) MT process. where 2 is a similar function to 1, which becomes constant value of 0.691 when kBT/ħ << 1.
For the analysis, we used the conductivity under out-of-plane magnetic fields of 9 T as the normal state conductivity N. The excess conductivity  =  -N was fitted by the models described in equation (S1) with temperature-independent offsets [16] 
III. Subtraction of the channel resistance from the tunneling spectra
In our configuration for the tunneling spectroscopy, the channel resistance Rch makes the non-negligible contribution to the differential conductance dI/dV at the temperature above Tc. Before normalization of the tunneling spectra, we subtracted the contribution of the channel according to the following procedure.
As shown in Fig. S3(a) , the system is described as a series circuit, which consists of the tunneling junction and the channel. The measured differential resistance dV/dI (the inverse of differential conductance) becomes sum of the differential channel resistance and differential tunneling resistance, and expressed as respectively). Therefore, we estimated Rch tun at 50 K from the dV/dI spectra, and determined the ratio Rch tun /Rch 4T at 50 K. The Rch tun at T < 50 K was calculated by multiplying R ch 4T at T by R ch tun /R ch 4T at 50 K. The latter factor is independent of the dV/dI spectra. As represented in Fig. S3(c) , Rch tun = 600  is the best estimation at 50 K, because the corrected spectra agree with the spectra at 2 K in high bias regime, as expected from the discussion above. We applied this factor (Rch tun /Rch 4T = 4.3) at 50 K to all the spectra at lower temperatures, and obtained the pure tunneling spectra.
The corrected dI/dV spectra are plotted in Fig. S3 
V. Contribution of the fluctuation on the zero-bias conductance
We observed the decrease of the zero-bias conductance above Tc as shown in reported in TiN thin films, which is a conventional 2D superconductor [45] .
In the 2D system, the reduction of N(E) affects the zero-bias tunneling conductance as follows [33] :
where GN is the conductance in the normal state, G is the reduction of the conductance from GN,  is the reduced temperature ln T/Tc, and Gi is the GinzburgLevanyuk parameter.
The characteristic behavior of equation (S3) is the linear behavior in the semilogarithmic plot as the function of  = ln T/Tc. Figure S5 shows such plot of the zerobias conductance, which is the same data as in Fig. 3(d) in the main text. The linear behavior appeared, and Gi is determined to be 0.047, half of the value 0.1 for TiN.
Because the equation (S3) is valid for  >> Gi [33] , the non-linear behavior below  ~ Gi is also expected from the theory, as well as in TiN thin films [45] . Based on the above arguments, we conclude that the decrease of zero-bias conductance is understood in terms of the strong fluctuation effect in 2D superconductors.
VI. Fitting of tunneling spectra
After normalization of tunneling spectra, we performed fitting to obtain the value of superconducting gap . We used equation (2) Fig. S6(a) corresponds to the Fig. 4(a) in the main text, and normalized spectra in Fig. S6 (c) and (d) corresponds to the spectra in Fig. 3(c) in the main text and Fig. S4(a) , respectively.
The peak structures were smeared at high temperatures, leading to the large uncertainties of  and . The length of error bars is determined as the difference between the qualitative fit (plotted in figures) and the numerical fit.
VII. Effect of the resist cover
To confirm that EDLT effect is removed by the resist cover, we fabricated a device of ZrNCl which contains two areas of channels covered and uncovered with the E-beam resist, as shown in Fig. S8(a) . Figure S8(b) shows the resistances in each area Page 33 of 41 during gating at 300 K. While the resistance of the covered area did not respond to the gate voltage VG, the resistance of the open area decreases showing usual EDLT operation [28] . This measurement proves that the formation of EDL doesn't occur through the resist and the observed superconductivity is induced by intercalation of Li into bulk. Furthermore, the result of the covered channel also indicate that intercalation does not occur by covering the edge of the sample.
VIII. Estimation of the thickness of the tunneling barrier
We estimated the thickness of the Schottky barrier W, which acts as the tunneling barrier, by using the formula [39] :
where  is the dielectric constant,  b is the built-in potential, e is the elementary charge, and N is the carrier density.
We assumed  = 50 in LixHfNCl, where 0 is the dielectric constant of vacuum, according to the static dielectric constant in LixZrNCl [17, 18] . We calculated  b as  b =  m -, where  m is the work function of adhesion layer Ti, 4.1 V, and  is the bottom of the conduction band measured from vacuum level. For , we used a
